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(g) In situ monitoring technique and apparatus for chemical/mechanical planarization endpoint 
detection. 

@ This invention provides an in situ monitoring 
technique and apparatus for chemical/mechani- 
cal planarization end point detection in the 
process of febricating semiconductor or optical 
devices. Fabrication of semiconductor or opti- 
cal devices often requires smootii planar sur- 
faces, either on the surfece of a wafer being 
processed or at some Intermediate stage e.g. a 
surface of an interieaved layer. The detection in 
the present invention is accomplished by means 
of capacitively measuring tiie thidoiess of a 
dielectric layer on a conductive substrate. The 
measurement involves the dielectric layer, a flat 
electrode struchjre and a liquid interfacing tiie 
article and the electrode structure. Polishing 
siunry acts as the interfacing liquid. The elec- 
trode structure includes a measuring electrode, 
an insulator sun'ounding the measuring elec- 
trode, a guard electrode and another insulator 
surrounding the guard electrode. In the 
measurement a drive voltage is supplied to tiie 
measuring electrode, and In a bootstrap ar- 
rangement to a sun-ounding guard electrode, 
thereby measuring the capacitance of the 
dielectric layer of interest without interfering 
effect from shunt leakage resistance. The pro- 
cess and apparatus are useful not only for 
measuring the thickness of dielectric layers on 
conductive substrates in situ, during planariz- 
Ing polishing, but also for measuring the dielec- 
tric tiiickness on substrates in other processes, 
e.g. measuring the dielectric layer tiiickness 
prior to or after an etching process. 
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Fteldoftht Inventfon 

This invention relates to a method and apparatus 
for use in fabricating semiconductor or optical devices 
and indudes determination of a planarization 
endpoint during a chemical/mechanical lapping pro- 
cess cf substrata wafers. 

Background of the Invention 

Fabrication of semiconductDr integrated circuits 
or integrated optical circuits very often requires a 
snx)oth, planar surface. The surface requiring planari- 
zation involves areas or layers of dielectric material on 
or in a surface of a semiconductor material or on a sur- 
face a previously Interieaved layer. The insulating 
layers should have a smooth surfece topography, 
because rough sur^ces cause fabrication problems. 
It is difficult to image and pattern layers applied to 
rough surfaces, and this difficulty Increases as the 
number of layers increases because each additional 
patterned layer contributes additional roughening. 
The topography of such dielectric areas or layers may 
be highly uneven and require polishing of the surface 
so as to present a smooth, planar surface for the next 
processing step, such as formation of a conductor 
layer or pattern on this surface. The uneven surface 
topography may be due to areas of dielectric material 
which are higher than the remainder of the surface or 
because of an uneven topography of underlying ma- 
terial or other elements of the semiconductor device 
being fabricated. 

For example, in VLSI fabrication technology, con- 
necting metal fines are fonned over a semiconductor 
subetrate containing device circuitry and serve to 
electrically interconnect the discrete devices. These 
connecting metal lines are typically Insulated hom the 
next interconnection level by thin layers of insulating 
material, in order to interconnect metal lines of diffe- 
rent intsrconnectbn levels, holes are fonmed in the 
insulating layers to provide electrical access therebet- 
ween. 

A recent development in the art is the use of lap- 
ping machines, and other planarization processes to 
provide smooth insulator topographies for the next 
metal level, in these processes it Is often important to 
determine an end point of the polishing process, for 
example to remove a sufTictent anrKXjnt of n^aterial so 
as to provide a snrKXJth, planar surface without remov- 
ing underiying material. Thus, a precise endpoint 
detection technique is needed. 

Presently, there are various types of lapping 
machines for reducing the th iclcness of semiconductor 
wafers, in general, these tapping machines include 
top and bottom plates (e.g. a polishing table and a 
wafer carrier or holder), between which the wafers are 
positioned. The plates are moved relative to each 
other, and a polishing sluny is fed between the semi- 



conductor wafer and one plate to polish and flush 
away the wafer particles. An example of one such a 
lapping machine is disclosed in U.S. Patent No. 
3,063,206. 

5 Traditionally, lasers and other optical detection 

devices have been employed to detenmine etch 
endpoints. However, such optical systems are difFicutt 
to implement in lapping machines, k>ecause in such 
machines the wafers are polished face down against 

10 a mo/iitg (c:.g. ^spinnliig) polishing table. More particu- 
larly, the wafer is hidden under the top plate thereby 
making optical endpoir^t detection difficult. 

A typical method employed for determining 
endpoint in lapping machines is to measure the 

IS amount of time needed to planarize the firet wafer, 
and then to run the remaining wafers for similar times. 
In practice this method is extremely time consuming, 
since operatora must Inspect each wafer after polish. 
This Is because it is exb-emely difficult to predseiy 

20 control the rate of dielectric film removal for different 
wafers since the rate of removal may vary during the 
polishing of an individual wafer or because the rate of 
renrx)val may diminish in the process of polishing a 
number of wafera in sequence. 

25 Thus, a continuing need exists in the semicon- 
ductor devices fabrication art for a method and an 
apparatus which would accurately and efficientty 
detect ttie endpoint of a lapping planarizabon pro- 
cess. 

30 

Summary of the Invention 

The invention is a method and apparatus for non- 
destructively, accurately and efficientiy detecting an 

35 end point of a polishingyiapping planarization process 
in the process of fabricating semiconductor or optical 
devices. The niethod comprises placing a substrate 
being processed so that a surface of an electrode 
stnicture faces a dielectric material on a lateral face 

40 of tiie substrate, interposing between tiie substrate 
and the electrode structure a film of a conductive 
liquid with resistivity of less than about 100,000 ohm- 
cm, and measuring the capacitance between the sub- 
strate and the electrode stnicbire. The apparatus 

45 comprises: at least one electrode structure having a 
flat surface feeing a lateral face of a wor1q>iece being 
polished and having dielectric layer thereon, the elec- 
trode structure comprises measuring electrode, an 
insulator about the measuring electrode, a guard eleo- 

50 trode about the insulator, and another insulator sur- 
rounding the guard electrode; means for providing 
conductive liquid medium such that the lateral face of 
the woricpiece and the flat surface of the electrode 
stmcture are interfaced by the liquid mediinn, and 

55 means 'or measuring Uie capacitance between the 
condt /e portion and the electrode structure. The 
invention is useful in manufacturing semiconductor 
and optical devices which require planarization of 
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dielectric surface at certain stages of fabrication. The 
invention nrey also be used for measuring the thick- 
ness of dielectric film at any stage of manufacture, 
whether or not planarization is involved. 

Brief Description of the Drawing 

FIG. 1 is a schematic representation of a semi- 
conductor device being fabricated and having a thick 
dielectric layer upon a semiconductor wafer. 

FIG. 2 Is a schennatic representation of the semi- 
conductor device of FIG. 1 with a planarized dielectric 
layer. 

FiG. 3 IS a schematic representation of a r^emi- 
conductor device being fabricated and having a com- 
posite thick dielectric layer upon a semiconductor 
wafer. 

FIG. 4 is a schematic representation of a semi- 
conductor device being fabricated and having uneven 
oxide areas on the surface of the semiconductor 
wafer. 

FIG. 5 is a schematic representation of the semi- 
conductor device of FIG. 4 with a planarized oxide and 
wafer surface. 

FIG. 6 is a schematic representation of apparatus 
useful in polishing/lapping of a dielectric layer on a 
wafer of the the disclosed in FIGs. 1, 3 and 4 and 
embodying electrode structure in accordance with the 
present inventton. 

FIG. 7 is a schematic top view representation of 
an electrode structure shown In FIG. 6 mounted within 
a section of a polishing table. 

FIG. 8 Is a schematic representatk>n of distribu- 
tkm of capacitances and resistances which are pre- 
sent In the FIG. 6 annangement 

FIG. 9 is a schematic representation of FIG. 6 
arrangement including an electrical system for drh^ing 
the measuring and guard electrodes. 

FIG. 10 is a more detailed schematic represen- 
tatton of the eiectronto system shown in FIG. 9 of the 
drawings. 

FIG. 1 1 is a schematic representation of a section 
of the polishing table with a double "D" electrode 
structure, which is an alternative version of electrode 
structure shown In FIGs. 6 and 7, enabling monitoring 
of the thickness of dielectric layer being polished inde- 
pendently of the thickness of dielectric layer on the 
opposite lateral face of the semiconductor wafer. 

FIG. 12 is a schematic representatkm of distribu- 
tion of capacitances in the RG. 11 arrangement, 
demonstrating that the thickness of the dielectric layer 
being pdished with capacitance C1 can be measured 
independently of the dielectric layer thickness on the 
opposite face of the wafer with capacitance C4. 

RG. 13 Is a schematic top view representation of 
a polishing annangement with a double *D" electrode 
structure in the polishing table, including a scheme for 
taking time and position dependent measurements of 



the dielectric layer thickness during each revolution of 
the polishing table. 

FIG. 14 is a schematic representation of an alter- 
native embodiment for planarizing dielectric layer en- 
5 dpoint-detection of a semiconductor wafer. 

FIG. 1 5 is a graph of time in minutes versus output 
in volts, showing linearity of material removal witti 
time, and demonstrating the performance of the 
measurement method. 

10 

Detailed Description 

FIGs. 1 and 2, 3, and 4 and 5 are general schema- 
tic representations of a conductive wafer in the pro- 
fs cess of fabricating a semiconductor or optk:al device. 
The material of the wafer may be selected from at 
least silicon, germanium, Group III-V and Group IMV 
compound semiconductors. Typically the material of 
the conductive wafer has a resistivity of less than 
20 about one megohnvcm. 

In FIG. 1 is shown a semiconductor devtee, 1, 
which includes semiconductor wafer, 2, metallic con- 
ductors, 3, and a thick dielectric layer, 4, such as sili- 
con dioxide, overiying the conductors and the 
25 remainder of surface. 5, of the semiconductor wafer. 
The dielectric layer may be fonmed in a suitable man- 
ner, e.g. by chemical vapor deposition (CVD) of oxide 
or by plasma enhanced CVD (PECVD) of oxide from 
precursors such as teaaethyl orthosiiicate (TEOS). 
30 Semkx>nductor wafar2 may have been preprocessed 
and may already include additional layers of inter- 
leaved circuitry. Fertile sake of simplicity, those otiier 
features are not represented in these figures. 

In FIG. 2 Is shown wafer 2 with dielectric layer 4 
35 planarized to a desired preselected thickness. 

In FIG. 3 is shown a schematic reprssentatkHi of 
device, 1, in which conductors, 3, are arranged in 
closer spaced, greater density. Due to the nature of 
the formation of tiie dielectric layer, 4, this configu- 
40 ration may lead to scalloping of the dielectric layer 
(e.g., such as a dip 6 in FIG. 1). or even voMs between 
the conductors. To prevent the formation of vokls, the 
volumes between the conductors are first filled with a 
layer, 7, of n>ore conformable material, such as spin- 
as on glass (SOG). Layer 7 fills the voMs between the 
conductors and covers the conductors, presenting a 
smoother surface than a similar thfckness of a CVD or 
PECVD deposited dielectric such as (PETEOS). The 
dielectric layer (PETEOS) is then deposited over layer 
so 7 in an additional tiitekness and planarized in a lap- 
ping machine to a preselected thtokness, slmilariy to 
FIG. 2. In this annangement semiconductor wafer 2 
typically includes preprocessed layers of interieaved 
circuitry. 

55 In FiG.4 is shown anothervariantwherein islands 
of thennaily grown fleki oxide, 8, separated by areas 
of tiiln dielectric. 9, are within and above the surface 
of wafer 2. The islands display an uneven topography 
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which is unsuitable for the continued sequential for- 
mation of patterned conductive and Insulating layers. 
In this case, rather than depositing an extra dielectric 
layer onto thin dielectric areas 9, the field oxide itself 
may bo planarized until the uneven portions of the 5 
islands are removed. As an end-point, one may select 
a planarized oxide surface which is even with the 
wafer surface or one that is a few nanometer above 
the thin oxide surface. 

In RG. 5 is shown wafer 2 with planaiized oxide io 
surface. 

At the beginning of the planarization or polishing 
process, at !ecst one lateral face of a conducth^e wafer 
2 In FIG. 1 is covered witfi a thick dielectric layer 4. As 
the planarization process proceeds, the thickness of is 
the dielectnc layeris reduced. It is highly desirable to 
be able to monitor ^ remaining thickness of the 
dielectric layer in situ during the polishing process and 
to be able to stop the polishing when a precise desired 
thkdcness (an end-point) is reached. This has been 20 
aooompltshed by the capacltive method for the dielec- 
tric thk:knes8 measurement according to the present 
inventkm. The thickness of the dielectric layer remain- 
ing on the 8emkx>nductor wafer is monitored during 
the planerizing/lapping process by measuring the 25 
eSectrical capacftance of the dielectric layer in the 
manner deecribed herelnt)elow. 

In FIG. 6 is shown an apparatus, generally desig- 
nated 88 10. for chemk»l/mechanical polishing of a 
typk»l conductive, e.g. semk^nductor. wafer 2 cov- so 
ared with dielectric layer 4 of insulating material, such 
as silioon dtaxkte or PETEOS. Here the wafer is 
shown with a dielectric layer on both sides, a thicker 
layer on one skie and a thinner layer on the other. 
PnimkAy the wafer has a thk:k dielectric layer only 3S 
on the skle to be polished. 

The apparatus includes a polishing table or platen 
1 1 and a wafer earner or holder 1 2. Both the polishing 
table and the wafer carrier may be of a conducting ma- 
terial, such as a cermet or a metal, e.g. stainless steel. 40 
aluminum, or of metals such as aluminum, chromium 
or titankim deposited ki suitable patterns on insulating 
materials, or of sonoe non-conducting material such 
as quartz, oeramk:, plastk:, or enamel or plastic-co- 
ated metal. An knportant requirement for the material 4S 
of the table and the wafer canier is that the material 
should not contribute to the contaminatksn of the work- 
piece (wafer) being polished. Semiconductor wafer 2. 
whkii la to be processed in accordance with the 
InventkH), Is shown posittoned between polishing so 
table 11 and wafer carrier 12. Polishing table 11 
inckides a polishing pad. 13, attached to the table. 
Wafer carrier 12 includes an insert pad 15 and an 
insulating edge ring 16 which prevents the wafer from 
sUding out from under the wafer carrier during the pol- 55 
ishing process. Insert pad 15 is preferably made from 
soft materia] to avokJ damage to the wafer from the 
weight of woric carrier 12 and from the force (inducted 



by an an-ow 17) applied to the wafer can-ier to keep the 
wafer in positive contact with the surface of polishing 
pad 13. Insert pad 15 and polishing pad 13 are com- 
mercially obtainable pads having desired diameters. 
Pads which are about 50 mils thick are typically 
spongy and are typically provkJed with a plastic adhe- 
sive backing so as to adhere to the surfece to which 
they are to be secured and to enable removal and rep- 
lacenrtent of wom pads. Such pads are available from 
Rodei, Inc., 451 Belleview Road. Diamond State 
Industrial Paric. Newaric, Delaware, 19713, U.SA. 
Alternatively, spongy pads without continuous adhe- 
sive ptastk; backing may be secured to the table by 
means of a suitable conductive adhesive. 

In the preferred embodiment, polishing table 11 is 
rotatable about its central axis, 1 8. Wafer carrier 12 is 
also rotatable about its own central axis 19, whch, 
except for a limited oscillating motk)n (see a double 
headed an^w) relative to the polishing table, is fixed 
relath^ to axis 18 of the polishing table. In operatton, 
polishing table 11 rotates at first predetenmined RPM 
about its central axis 18 so as to present a continu- 
ously advancing polishing surfece to the dielectric 
layer being planarized. While wafer carrier 1 2 rotates 
at second predetermined RPM about Ks central axis 
19, the wafer is being polished along an annular pol- 
ishing area of the polishing table. 

The polishing process Is conducted by placing 
senruconductor 2 with dielectric layer 4 thereon within 
the cavity formed in wafer carrier 12 by insert pad 15 
and edge ring 1 6 so that the dielectric layer 4 contacts 
polishing pad 13. During polishing, polishing pad 13 
is being continuously supplied with an aqueous slurry 
20 via supply nozzle 21, while the table 11 rotates 
about Its central axis. As with the materials of the pol- 
ishing table and wafer carrier, the slurry should be of 
a kind which is non-contaminating and except for the 
polishing action, non-destructive to the conductive 
wafer being polished. The sluny used in the prefeired 
embodiment is a conDmercially avalable, slightly 
alkaline (pH 8.3-8.7) colloidal-silk:a sluny avaiable 
from Naico Chemk^al Company, 6216 West 66th 
Place, Chicago, Illinois, 60638, U.SJ^ as NALCO 
2360, with a particle size of approximately 50-70 nm, 
diluted 1:1 with detonized water. Other polishing slur- 
ries are commercially available, and other diutlons 
may be useful. 

As the polishing proceeds, it is desirable to moni- 
tor in situ the thickness of the remaining dielectric 
layer and to determine a desired end-point of the pol- 
ishing process. In accordance with this invention this 
may be accomplished by capacltively measuring the 
thickness of the dielectric layer 4 on wafer 2 during 
polishing. The capadtive measurement procedure 
involves the dielectric layer and the polishing slurry 
8olutk)n. In this procedure, up to a few mk:rometer6 
thick layer of dielectric on a semiconductor wafer (or 
slice) comprises the insulating layer in a parallel plate 
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capacitor, while the polishing solution itself is used as 
a conducting layer on the outer surface of the dielec- 
tric. However, to effectively conduct such monitoring 
with the above-described apparatus, the following 
four conditions or problems need to be addressed: 

1) During polishing, the wafer Is in effect com- 
pletely surrounded by the conducting polishing 
slurry (thereby tending to short-circuit the capaci- 
tor); 

2) The 3lL'nry should not itself contribute any sig- 
nificant spurious capacitive effects; 

3) Tlie measL-rement should only be sensitive to 
the dielectric thickness of the side undergoing 
polishing; 

4) The measunament output should be linear in 
thickness. 

Problems associated with these condittons are 
resolved as described hereinbelow. 

First, the conditbn that the entire wafer is sur- 
rounded by a conductor (for example an aqueous 
slurry) during the polishing process, means that any 
capacitance measurement would tend to be short-cir- 
cuited during the measurement process. This diffi- 
culty Is circumvented, according to this inventton, by 
using an electrode structure, 25, built along the polish- 
ing path into polishing table 1 1 transversely thereof as 
shown in RGs. 6 and 7. The electrode structure 
includes a measuring electrode 26, a guard electrode 
27 and a pair of insulators 28 and 29. The surface of 
electrode structure 25 facing the wafer is in the same 
plane as the remainder of the table. Measuring elec- 
trode 26 and guard electrode 27 are connected to a 
source of voltage oscillating at a certain frequency, 
while the rest of the polishing table is connected to 
ground 30. Measuring electrode 26 Is completely sur- 
rounded in succession by insulator 28, guard elec- 
trode 27 and insulator 29, thereby Isolating it 
electrically from the sumxindlng ground plane of the 
polishing table. If a conductor coated with a dielectric 
film, e.g. a dielectric coated silicon wafer. Is placed on 
top of this stiucture (as In sluny polishing) then one 
has the situation shown in Rgure 6. Here the semicon- 
ductor (e.g. silicon) wafer Is pressed down, typically 
with a pressure of several pounds per square inch, on 
top of a spongy polishing pad 13 that is continuously 
soaked with an aqueous polishing sluny 20 from 
slurry supply nozzle 21. In typical operation both the 
polishing pad 13 and the wafer itself rotate indepen- 
dently of each other, and at least the wafer oscillates 
horizontally, to obtain a uniform polishing action. In 
this enr)t)odiment the electrode structure 25 is moun- 
ted in polishing table 1 1 , and electrical connecttons to 
measuring electrode 26 and to guard electrode 27 are 
made at 31 and 32 (FIG. 9), respectively, by suitable 
electro-conductive means, such as via electrical slip 
rings (not shown). (It is also possible, at the price of 
greater complexity, to use rotating transformers.) This 
means, of course, that a measurement is made only 



periodically, as the electrode structure sweeps under 
the wafer. To increase the nunnber of measurements 
per single sweep of the polishing table, more ttian one 
electrode structure 25 may be built Into the polishing 

5 path of table 11 so that the measurements may be 
taken several times during a single revolution of the 
polishing table. Other arrangements are possible, as 
will be discussed later. 

The second problem that arises Is that of the high 

10 dielectric constant of water^ which is the dominant 
component (electrically) of polishing solutwn 20. In 
this connection it must be nctsd that the Important 
quantity is the dielectric relaxation time td. defined by, 
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Here K is the dielectric constant of water (-80), and 
p is the resistivity of the polishing slurry sdutton. For 
operating frequencies large compared to Vxo Pol- 
ishing slurry between two electrodes behaves like a 

20 (lossy) capacitor. For frequencies low compared to 
1/td the polishing sluny forms a resistor. For this 
reason, as well as other measurement conskler- 
ations, it is advantageous to use a low operating alter- 
nating voltage firequency. The system described 

25 herein below operates at -500 Hz, and can be oper- 
ated at a frequency of up to about 5000 Hz. and the 
polishing sluny appears essentially resisthw at such 
frequencies. 

Given the regime of Figure 6, and a low operating 

30 frequency, it Is dear that the sluny soaked polishing 
pad acts like a resistor. This pad is typically secured 
to the polishing table by a continuous layer of a plastk: 
adhesive backing (notshown) afewmils thk:k. There- 
fore, fbr the slurry to make direct electrical oontect 

35 with the electrode structure, the plastic adhesh« 
backing must be perforated at least In the electrode 
structure area. Thus, in order fbr the polishing sluny 
to make true resistive contact to the measuring and 
guard electrodes, holes are needed in the adhesh^ 

40 backing. In this embodiment, holes, 14, were formed 
right through the pad and the plastic adhesive backing 
by perforating the pad right through the backing wth 
-0.18 cm (-70 mil) diameter holes on - 0.63 cm (- 
0.25 inch) centere. There is nothing critkal about 

45 these particular dimensions and other dimensions 
may be selected as well. Also, the pad does not have 
to be perforated completely. The important condition 
is the provisk>n of a path between the aqueous slurry 
and the metallic table. Therefore, holes may be fbr- 

50 med only through the adhesive backing. Furthenmore, 
it is not necessary to make holes throughout the whole 
area of the pad. It would be sufficient to make holes 
only in the area of the electrode structure and at least 
an area of the polishing teble immediately surround- 

55 ing the electrode structure. Also, polishing pad 12 
may be secured to the polishing table with a suiteble, 
non-oonteminating conductive adhesh^e, thus elimi- 
nating the need for holes 14. 
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With perforated pad 13, and with the system of 
Figure 6 and 7 operating with a low frequency applied 
vdtage, the electrical situation of interest is as shown 
in Figure 8. Here CI , C2, C3 are capacitances ttiiough 
the thick dielectric layer on the lateral face of the wafer 
facing the polishing tat)Ie, while C4 is the (typically 
much larger) capacitance of the dielectric layer on the 
oppoeite (back) face of the wafer. Resistors R1 and 
R2 are the transverse (annular) resistive film values 
of the slurry loaded polishing pad. The object is to 
nr>easurB the value of the capacitor C1 alone, which 
then provkles a measure of the thickness of the 
dielectric layer 4. For the time being itwil be assumed 
that C4 » CI which simplifies the interpretation of the 
measurenDent This restriction will be removed later. 

As an important practical matter it wQl, in addition, 
be noted that the value of CI scales like the area of 
the measuring aledrode, whfle the undesired parallel 
leakage resistances R1 . R2 scale lil^e the perimeter of 
the measuring electrode. It is therefore advan- 
tageous, particulariy at low measurement fre- 
quandea, to use an area of measuring electrode 26 
as large as piBcticaj. The effect of R1 is then further 
minimized by bootstrapping it from the measuring 
electrode, that is firom electrode 26. Bootstrapping 
means that the same voltage is applied to guard elec- 
trode 27 as is measured to be present on the measur- 
ing electrode 26. Therefore no cunrent flows (to fbst 
order) through R1, i.e. its effect has been removed in 
the nteasurement of CI. (Of course a current flows 
through R2 to pound, but this current does not enter 
in the measurement process and could in any case be 
aliminatad if the area of table 11 sunrounding elec- 
trode structure 25, is non-conductive.) 

The third problem is the fact that it is inconvenient 
to contact both sides of the wafer independently. And, 
the fourth problem resides in the conventional 
measurement of capacitors, which typically provides 
a reciprocal relatk)nship Q,e, as the dielectric film 
becomes thinner, the measured altemating cunrent 
t>eoomes larger). Both of these problems may be sol- 
ved by the system shown in Figure 9. 

In the system shown in FIG. 9, measuring elec- 
trode 26 Is driven with an altemating voltage from 
osdllator 35. The resulting displacement current flow- 
ing to the measuring electrode necessariy flows to 
ground through 35 itself, and its amplitude is 
measured at 36 and compared with a reference value 
at 38. Any resulting difference is then used at 39 to 
control the amplitude of oscllator 35, in such a way as 
to hold the displacement current itself constant As a 
result the amplitude of the drive voltage to the 
measuring electrode is always precisely proportional 
to the thickness of the dielectric layer on the silicon 
slice. Guard electrode 27 Is bootstrapped from the 
measurement electrode 26 by a unity gain follower 
amplifier (A1) 40. 

This scheme is shown in greater detail in FIG. 10. 



Measuring electrode 26 is driven with an altemating 
voltage by the emitter follower transistor while the 
guard electrode 27 is driven with an altemating volt- 
age by amplifier (A1) 40 so as to follow precisely the 

5 measuring electrode voltage. Since the collector, 42, 
of a constant current generator transistor (02) pre- 
sents a very high impedance to the emitter, 41 , of tran- 
sistor (Q1) it follows that all the displacement cunnent 
flowing to the measfjring electrode must flow in the 

10 collector. 43, circuit of tnansistor (Q1). Consequently 
- the AC component of the collector current of Irensiutor 
(01) comprises only the desired signaJ current. This 
signal Is amplHled by amplitter (A2) 38 and synchron- 
ously rectified by a multiplier (Ml), 44, and low pass 

15 filter 45. The resulting signal current Is compared with 
the constant value reference current (lo) at 46 and any 
resulting difference drives the error integrator 47 for- 
med by capacitor 48 and operational amplifier (A3) 
49. The output of this integrator then forms one input 

20 to a multiplier (M2). 51 , the other input being derived 

(through a ^ phase shift) from oscillator 52. As a result 

the drive to the measuring electrode 26 is constantly 
servoed to such a value that Its displacement current 

25 is constant It therefore follows that the integrator out- 
put from amptifier (A3) 49 is accurately proportional to 
the dielectric thickness. 

This arrangement is effective if the nneasurement 
is conducted with a wafer one (upper) face of which 

30 is bare. In those cases where also the back of the 
wafer is coated with a dielectric layer, the effect of C4 
of Figure 8 would complicate the situation. This effect 
may be circumvented as follows: 

The complicatton of the effect of C4 in Figure 8 is 

35 due to ttie fad that the potential of the substrate 2 
changes as it is driven through CI . if tiie potential of 
the wafer does not change then deariy no displace- 
ment current flows through 04, and consequentiy the 
value of 04 itself would be irrelevant One convenient 

40 way to achieve this is to drive the substrate symnriet- 
rically in such a way that its potential does not change. 
This can be achieved by using two identical electrode 
structures 110 as shown in Figure 11. These two 
"Dee" shaped (doubte-D) electrodes are driven in 

45 antiphase as shown in Figure 12. As t>efore, each 
electrode stmcture Includes a measuring electrode 

111 which is surrounded by its own guard electrode 

112 and Insulators 113 and 114. Consequentiy ttie 
only currents observed flowing to measuring eleo- 

50 trodes 111 of each D electrode structure are those 
flowing through each respective 01 in series. These 
two currents are added (one having been reversed by 
180^) and used in an electronic system essentially 
identical to that of Rgures 9 or 10. This system 

55 removes any concem witti the presence, or absence, 
of an insulating (dielectric) layer on the back of the sili- 
con slice. The thickness output voltage is again linear 
in dielectric layer thickness. 
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In addition it is advantageous to perfonm meas- 
urenients of the dielectric layer thickness over pre- 
selected time periods. For this purpose the diameter 
of each doutDle-D electrode structure is made smaller 
than the diameter of the semiconductor wafer. As the 
double-D electrode structure moves along its path 
around the central axis of the polishing table and past 
the semiconductor wafer, the measurements are 
taken within the period for which the double D elec- 
trodes are entirely underneath the semiconductor ma- 
terial. As shown in FIG. 13, measurements are taken 
over a preselected fraction 131 of a complete rotation 
of the polishing table. During this period, measure- 
ments can be taken with a double D electrode struc- 
ture 1 1 0 at different positk>ns of the path underneath 
the wafer. Since, at the same time, the wafer rotates 
about its own axis, different porttons of the wafer sur- 
face are presented to the double-D electrode struc- 
ture. These measurements can either simply be 
averaged, or else extermined individually to reveal the 
spatial untfonnity of the polishing process. 

In yet another embodiment, shown in FIG. 14, the 
thickness of a dielectric layer on only one face of the 
wafer (one ^dng the polishing pad) may be 
measured by an arrangement similar to that of FIG. 6 
but with the electrode structure 25 buQt not In the pol- 
ishing table 11 but In the wafer carrier 12. 

The components of the electrode stmcture 25 in 
this embodiment are the same as prevkMJSly des- 
cribed, namely, a measuring electrode 26. a guard 
electrode 27, insulators 28 and 29 and electrical con- 
nections 31 and 32 from measuring eietrode 26 and 
guard electrode 27, whk^ are made to the electronics 
identical to electronk^s of FIGs. 9 and 10. In this case, 
as before, the plastic adhesive backing on insert pad 
15 must be perforated to ensure electrically conduc- 
tive path from the wafer to the electrode stoicture. In 
this embodiment nieasurement is not restricted only 
to the period In which the electrode structure passage 
under the wafer of FIG. 1 3, but may cleariy be earned 
out continuously during the entire planarization pro- 
cess. However, the disadvantage of this scheme, 
relath^e to those prevtously described with reference 
to RGs. 9 and 10, resides In its inability to measure 
uniquely only the required thickness of dielectric on 
the front face of the wafer. 

The measurement conducted with the system 
disclosed in FIGs. 9 or 10 may be exemplified by the 
following example: 

A 2nm PETEOS film was deposited on one broad 
(front) face of a 5" (12.85 cm) diameter silicon slice. 
The back of the slice was bare. The electrode struc- 
ture 25 of RG. 7 employed a steel disc 5.84 cm (2.3") 
in diameter as the measurement electrode 26, sur- 
rounded by a 0.63 cm (1/4") wide Insulator 28. a 0.63 
cm (1/4") wide steel guard electrode 27, a 0.63 cm 
(1/4") Insuiator 29, and a ground plane. The entire 
electrode structure 25 was ground flat to better than 



0. 0025 cm (1 mil) tolerance and covered with a 0.05 
cm (^20 mil) thick sponge pad 13, perforated with 0.18 
cm (1/4") holes on 0.63 cm (1/4") centers. 

The measurenrients were conducted with the ctr- 

5 cultry shown in FIG. 10. in this example measure- 
ments were made underwater (simulating an aqueous 
slurry), with a flat, grounded, metal plate pressing the 
silicon slice onto the electrode structure. 

The measurements were conducted as follows: 
.10 The silicon wafer was measured initially, yielding an 
output voltage corresponding to the initial dielectric 
thickness of 2^m. The :i\\ce was then transferred to a 
commercial aqueous slurry polishing machine for 4 
minutes. Following this the slice was removed, rinsed 

IS in water and remeasured (under water) to determine 
the new dielectric thickness. This polishing and 
remeasuring process was repeated four times. The 
results are shown in Figure 15. 

These results show that the measurement is 

20 linear (this was also confimned by independent dielec- 
tric thk:kes$ measurements); the polishing Is linear 
with time; the resolution is high; and the measurement 
is accurate. This basic point was evidenced by the 
fact that the film was effectively reirtoved after 16 

25 minutes with just one patch, of perhaps a few hundred 
nm thickness, remaining. 

It is evident that the system described here can 
be used in a variety of ways. When mounted In the 
lower element of a polisher, it can monitor film thick- 

30 ness in situ. If arranged to be situated right next to the 
polishing pad in such a machine, measurennents can 
be made intennittenUy on a short time scale. Each 
measurement requires only a small fraction of a seo- 
ond. More complex interieaved electrode structures 

35 can readily be arranged, to provide more accurate 
spatial averaging, if desired. Attematively, multiple 
segmented electrodes can be used to provkJe simul- 
taneous measurements at several locations simul- 
taneously. 

40 

Claims 

1. A process for iri situ monitoring the thickness of 
4$ a dielectric material on a surface of an eiectrk:ally 

conductive sut>strate having less than at)Out one 
megohm-cm resistivity, characterised by 

placing the substrate so that a surface of 
an electrode struchjre faces the dielectric ma- 
50 terial, 

interposing between the substrate and the 
surtece of the electrode structure a film of a con- 
ductive liquid with resistivity of less than about 
100,000 ohm-cm, said film being in contact with 
55 the dielectric material and the suriiace of the elec- 
trode structure, and 

measuring the capacitance between the 
substrate and the electrode structure. 
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2. The process of daim 1 or 14. wherein said 
measuring includes measuring the capacitance 
and simultaneously removing from the result the 
effects of leakage resistance paths. 

3. The process of claim 1. 2, or 14, wherein the 
capadtfve measurement comprises applying a 
measuring voltage to a measuring electrode of 
the electrode structure and a bootstrapping guard 
voltage ao a narrow conductive ^rea surrounding 
the measuring electrode, said measuring^elec- 
trode and sakd narrow conductVe area being 
Insulated each from ano^er, vyith or without 
another insulator surrounding the guard elec- 
trode. 

4. The process of daim 3 or 14, wherein said 
measuring comprises maintaining constant dis- 
placement current resulting from said voltage 
application, the amplitude of the drive voltage 
thereby being proportional to the thickness of the 
dielectric layer. 

5. The process of any one of dalms 1 to 4. or 14, 
wherein said conductive material comprises a 
material selected from silicon, germanium, group 
II^V compound semiconductors, group ll-Vl com- 
pound semiconductors, and/or the dielectric ma- 
terial comprises a material selected from silicon 
oxide, slioon nitride, oxynitride. a chemical vapor 
deposited silicon oxide, plasma enhanced chenv 
leal vapor deposited oxide and spin-on glass, 

the monitoring being conducted in the 
planarizing of the dielectric on the conductive 
substrate. 

6. Apparatus for monitoring the thickness of a 
dielectric layer (4) on a surface (5) of a workpice 
(2) during polishing with a polishing medium (20), 
saU woricpiece having resistivity of less than 
about one megohnn-cm, said apparatus charac- 
terised by 

at least one electrode structure (25) having 
a flat surface for fedng the workpiece to be 
polished, sakj electrode structure comprising a 
conductive measuring electrode (26), an insulator 
(22) surrounding the nrmasuring electrode, a con- 
ductive guard electrode (27) surrounding the 
tnaulator and being separated by the Insulator 
from the measuring electrode, 

means (13) for providing the polishing 
medkjm as a conductive liqukl medium such that 
the saki tee of the woricpiece and said suri^ce of 
the eiediode structure interfece through the 
Ik^uki medium, and 

means (Rg. 9) for measuring the capaci- 
tance between the conductive portion of the work- 
piece and the electrode structure. 



7. The apparatus of daim 6, or 15 wherein the 
measuring means comprises means (35) for sup- 
plying drive voltage to the measuring electrode 
and in a bootstrap an^ngement (32,40) to the 

5 guard electrode (27) thereby measuring the 

capacitance of the dielectric layer undergoing 
polishing. 

8. The process of daim 5 or 14, or the apparatus of 
10 claliT) 6, or 15 wherein two equal electrode struc- 
tures are arranged side by side, said measuring 
voltage is'appiied to one electrode structure at 
1 80*' out of phase to the measuring vdtage being 
applied to the other electrode structure. 

IS 

9. The process of daim 3 or 14, or the apparatus of 
claim 6 or 7 or 15. wherein said measuring volt- 
age is an alternating voltage with an operating fre- 
quency up to 5000 Hz, or about 500 iiz. 

20 

10. The apparatus of daim 6, 7 or 9, or 15 wherein 
said measuring means comprises an electronic 
system for supplying drive voltage to saki 
measuring electrode and in a bootstrap arrange- 

25 ment to the guard electrode, and for n^aintalnlng 
constant displacement current so that the result- 
ing magnitude of the drive voltage is automati- 
cally proportkmal to the thtekness of the dielectric 
layer. 

30 

11. The apparatus of daim 10 or 15, wherein the 
apparatus comprises a polishing table (1 1), a pol- 
ishing pad (13) on said table, and a movable 
wafer carrier (1 2) suspended above the polishing 

35 table for bringing the woricpiece into contact with 
said polishing pad, the apparatus having the 
optk)n that the electrode structure can t>e imbed- 
ded into the polishing table In the same plane as 
the polishing table. 

40 

1Z The apparatus of daim 1 1 or 15, wherein the pol- 
ishing pad is secured to the polishing table by an 
adhesive plastk: coating, and in which said plastk: 
coating is provkled with apertures permitting the 
45 llqukJ medium to make an electrically conductive 
path to the flat surfece of the electrode structure, 
or 

the polishing pad is secured to the polish- 
ing table by a conductive adhesive. 

50 

1 3. The apparatus of daim 1 2, or 1 5 wherein the pol- 
ishing table is of conductive materia! selected 
from stainless steel, aluminum and cenmets, or of 
metals such as aluminum, chromkim or titanium 
55 deposited In suitable patterns on insulating mate- 
rials, or 

is of non-conducting material which is non- 
contaminating with respect to the material of the 



8 



% 



15 EP0 455455 A2 

workpiece, 

the noncxDnducting arterial being selected 
from quartz, ceramic, glass, plastic, and insula- 
tor-coated metals. 

5 

14. A process of fabricating a device, which com- 
prises 

fabricating a device structure on a sub- 
strate so as to yield a non-planar surface, said 
substrate having resistivity of less than about one io 
megohm-cm, 

forming a layer of dielectric material over 
the non-planar surface* 

reducing the thickness of said dielectric 
layer progressively, is 

monitoring the remaining thickness so as 
to detemnine a desired end-point of the reduction, 
and 

continue febrication of said device, 
characterised in that 20 

said end-point is detemnined by measuring 
the capacitance between the substrate and an 
electrode structure facing the substrate whQe the 
face of the substrate and the surface of the eleo 
trode structure facing the substrate are interfaced 25 
by a continuous conductive film of a liquid with 
resistivity of less than at>out 100,000 ohm-cm. 

15. An apparatus for measuring the thickness of a 
dielectric regbn on a lateral face of article having 30 
a conductive portion with resistivity of less than 
about one megohm-cm and dielectric material on 

a lateral face of the conductive portion, which 
conr>prises, 

an electrode structure having a flat sur- ss 
face, the dielectric layer on sakj article fadng the 
said flat surface, 

conductive liquid means for interfacing the 
conductive article and the flat surface of tiie elec- 
trode stmcture and for establishing an electrical 40 
connection t>etween the conductive article and 
said flat surface of the electrode structure, and 

means for measuring ttie capacitance be- 
tween the conductive article and the measuring 
electrode structure. 4S 
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